Single crystals of a metal organic complex (C 5 H 12 N)CuBr 3 (C 5 H 12 N = piperidinium, pipH for short) have been synthesized and the structure was determined by single-crystal X-ray diffraction. (pipH)CuBr 3 crystallizes in the monoclinic group C2/c. Edging-sharing CuBr 5 units link to form zigzag chains along the c axis and the neighboring Cu(II) ions with spin-1/2 are bridged by bibromide ions. Magnetic susceptibility data down to 1.8 K can be well fitted by the Bonner-Fisher formula for antiferromagnetic spin-1/2 chain, giving the intrachain magnetic coupling constant J ∼ 17 K. At zero field, (pipH)CuBr 3 shows three-dimensional (3D) order below TN = 1.68 K. Calculated by the mean-field theory, the interchain coupling constant J ′ = 0.65 K is obtained and the ordered magnetic moment m0 is about 0.20 µB. This value of m0 makes (pipH)CuBr 3 a rare compound suitable to study the dimensional crossover problem in magnetism, since both 3D order and onedimensional (1D) quantum fluctuations are prominent. In addition, specific heat measurements reveal two successive magnetic transitions with lowering temperature when external field H ≥ 3 T is applied along the a ′ axis. The H -T phase diagram of (pipH)CuBr 3 is roughly constructed. The interplay between exchange interactions, dimensionality, Zeeman energy and possible DzyaloshinkiiMoriya interaction should be the driving force for the multiple phase transitions.
I. INTRODUCTION
The conventional 3D magnets are described by the semi-classical spin wave theory, whereas the 1D magnets are described fully by quantum theory.
1 What in particular interest is the Heisenberg antiferromagnetic (HAFM) spin chain which represents one of the few exactly solvable many-body models in quantum physics.
2,3
The HAFM spin chain is a disordered system with fractional excitations called spinons. 4 Its multispinon continuum spectrum is distinct from the sharp spin wave spectrum in conventional 3D magnets. 4 In real compounds, the weak interchain interaction J ′ between HAFM spin chains will lead the system to a 3D ordered state at sufficiently low temperature. Such a 3D ordered state is essentially different from that of conventional 3D magnets, since its spectrum has both sharp spin waves at low energies and multispinon continuum at high energies.
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In this sense, the 3D ordered state of weakly-coupled HAFM spin chains lies in the crossover regime from quantum to semi-classical physics. A novel longitudinal spin wave mode, which does not exist in conventional 3D magnets, is predicted to emerge by mean-field and random phase approximation theories (MF/RPA). 11, 12 However, the results of inelastic neutron scattering experiments showed substantial discrepancies with theories, which was attributed to the ignorance of correlation effects in MF/RPA. 9,10,13,14 Therefore, the dimensional crossover problem remains to be solved in magnetism. 7, 9, 11, 15 The real compounds of weakly-coupled HAFM spin chains can be classified into two categories. 25 in which the spins of neighboring Cu(II) ions interact via water molecules, halide ions, or bridging ligands. 20 The ordered state of weaklycoupled HAFM spin chains has dual nature of 1D and 3D characters. In order to study the dimensional crossover problem, the ordered magnetic moment m 0 should have a proper value, so that both the 1D and 3D characters are prominent. However, real compounds that meet this condition are rare. To our knowledge, BaCu 2 Si 2 O 7 with m 0 = 0.16 µ B is one suitable compound, 8, 9, 14, 26, 27 while the m 0 of other compounds is either too small or too large. 25, 26, 28, 29 Due to the lack of satisfactory theory of the dimensional crossover problem, more compounds with m 0 close to that of BaCu 2 Si 2 O 7 are highly desirable.
Here, we report the synthesis, structure, and thermodynamic properties of (pipH)CuBr 3 .
30 It is shown that (pipH)CuBr 3 is a weakly-coupled HAFM spin-1/2 chain compound with J ∼ 17 K and J ′ = 0.65 K. Below T N = 1.68 K, the ordered magnetic moment of Cu(II) ions is m 0 = 0.20 µ B , making (pipH)CuBr 3 another ideal compound to investigate the dimensional crossover problem in magnetism.
II. EXPERIMENT
Single crystals of (pipH)CuBr 3 were synthesized by evaporation method in a solution of ethanol. 8.93 g Copper(II) bromide was dissolved in 225 ml of ethanol. 2.93 ml aqueous HBr (48% weight) was added to 1.98 ml piperidine resulting in piperidinium bromide (pipHBr). Then the solution of pipHBr was added slowly to the CuBr 2 solution. After one week of slow evaporation, black single crystals formed at the bottom of the beaker. The solution was decanted and single crystals were harvested. The typical size of the crystals is 3 mm × 2 mm × 1.5 mm. X-ray diffraction of (pipH)CuBr 3 single crystal for the structure determination was carried out on a Bruker SMART Apex (II) diffractometer (Mo K α radiation, λ = 0.71073Å). The crystal structure was solved by the direct method and refined via full-matrix least-square techniques using the SHELXL-97 program package. 31 The results of cell parameters are listed in Table 1 . The crystallographic data has been deposited at the Cambridge Crystallographic Data Center (CCDC 970073).
Magnetic susceptibility of (pipH)CuBr 3 single crystal as well as powdered sample were measured by a MPMS SQUID magnetometer (Quantum Design). For the single crystal, magnetic fields were applied along the b axis, the c axis, and perpendicular to the bc plane, respectively. In the following, we define the direction perpendicular to the bc plane as the a ′ axis. Specific heat of (pipH)CuBr 3 single crystals was measured by the twotau method in a small dilution refrigerator integrated to a Physical Property Measurement System (PPMS, Quantum Design) with magnetic fields applied along the a ′ and c axes.
III. RESULTS AND DISCUSSION
The compound (pipH)CuBr 3 crystallizes in the monoclinic space group C2/c with lattice parameters a = 18.906 (5) 20,33 Among these five coordinative halides, four serve as bridging ligands and the fifth as terminal. Along the b direction, chains are linked by hydrogen bonds, as shown in Fig. 1(b) . In Fig. 1(c) , we show the crystal structure as viewed along the c axis. The chains are well isolated by the piperidinium cations and show ABA stacking order along the a ′ direction. The crystal data is listed in Table 1 .
The 1D magnetism of (pipH)CuBr 3 has been confirmed by magnetic susceptibility and specific heat measurements, as will be presented below. Magnetic susceptibility of (pipH)CuBr 3 powder was measured from 1.8 to 150 K in an applied field of 1000 Oe, and the results are shown in Fig. 2(a) . The powder was obtained by grinding single crystals. The data show the characteristic feature of HAFM spin-1/2 chain with a broad maximum at about 10 K and a nonzero extrapolation value down to zero temperature, 34 as shown in the inset of Fig. 2(a) . The susceptibility data from 4 to 150 K can be well fitted by the Bonner-Fisher formula for HAFM spin-1/2 chain.
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The line in Fig. 2(a) is the best fit with intrachain exchange interaction J = 17.37 ± 0.01 K and Lander factor g = 2.07. Magnetic susceptibility of (pipH)CuBr 3 single crystal with field of 1000 Oe applied along the a ′ , b, and c axes are shown in Fig. 2(b) . Again, all three curves can be fitted by the Bonner-Fisher formula from 4 to 150 K, and we get the parameters J a ′ = 17. 16.64 ± 0.02 K, g c = 2.00, respectively. Therefore, the magnetic susceptibility behaviors strongly suggest that (pipH)CuBr 3 is a highly isotropic 1D HAFM spin-1/2 system. The specific heat of (pipH)CuBr 3 single crystals from 0.5 to 3.5 K are shown in Fig. 3 . The zero field data from 2 to 3.5 K can be fitted by the equation
as seen in the inset of Fig. 3(a) in which C/T is plotted as a function of T 2 . The first term represents the 1D spinon contribution and the second term is the phonon contribution. The fitting parameters are A = 0.38 J/K 2 mol and B = 0.01 J/K 4 mol. Theoretically, the specific heat contributed by spinons of HAFM spin-1/2 chain can be calculated from the equation
where N is the Avogadro's constant and k B is the Boltzmann constant. Taking J = 17.37 K, the above equation gives the linear specific heat coefficient 0.32 J/K mol. In this sense, the specific heat result further confirms the 1D magnetism in (pipH)CuBr 3 . The linear specific heat contribution of spinons has also been observed in other HAFM spin-1/2 chain systems such as copper benzoate, 36 copper pyrimidine, 23 and copper pyrazine dinitrate.
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At zero field, C(T ) shows a sharp peak at T = 1.68 K, suggesting the onset of 3D ordered state. The transition temperature T N varies with the strength and directions of the applied fields. For fields applied along the c axis, the ordering temperature T N increases slightly with increasing field, as shown in Fig. 3(a) . More interestingly, when the field is applied along the a ′ axis, two peaks are clearly observed for H ≥ 3 T, indicating two successive magnetic phase transitions, as shown in Fig. 3(b) . For H < 3 T, the low-temperature peak cannot be resolved. We plot a rough H -T phase diagram of (pipH)CuBr 3 in Fig. 4 . The data points correspond to the peaks of the specific heat curves in Fig. 3 , marked as T N 1 , T N 2 , and T N 3 . The field can easily modulate the magnetic phase, which indicates that the Zeeman term H Z = gµ B H i S Z i is important in the spin Hamiltonian
This is reasonable since the Zeeman energy is comparable with the exchange energy in our field range. The phenomenon of field-induced successive magnetic phase transitions has previously been observed in quantum antiferromagnets such as Cs 2 CuCl 4 , 37 which was attributed to the competition between exchange interactions, Zeeman energy, quantum fluctuations, and DzyaloshinskyMoriya (D-M) interaction. 37 In our (pipH)CuBr 3 , each chain unit has four inequivalent Cu(II) ions, and this alternating structure would induce staggered D-M interaction. Since we cannot determine the magnetic structures in zero and magnetic fields, the exact magnetic phase diagram of (pipH)CuBr 3 needs to be revealed by other experiments such as neutron scatting measurement.
The 3D ordered state of weakly-coupled HAFM spin-1/2 chains is rather exotic in which low-energy spin waves coexist with high-energy multispinon continuum. From the ordering temperature T N , the interchain exchange interaction J ′ and the ordered moment m 0 can be calculated by the mean field theory:
Taking T N = 1.68 K at zero field and J = 17.37 K, the above equations give J ′ = 0.65 K and m 0 = 0.20 µ B . This value of m 0 in the ordered state indicates 80% reduction from the saturated moment 1 µ B of Cu(II) ions due to quantum fluctuations.
Experimentally, a weakly-coupled HAFM spin-1/2 chain system suitable to study the dimensional crossover problem should has a proper m 0 value. If m 0 is too small, as in Sr 2 CuO 3 (∼ 0.06 µ B ) and Ca 2 CuO 3 (∼ 0.09 µ B ), 29 the 1D character still dominates below the 3D ordered temperature and spin waves are hard to identify in the spectrum. 8, 29 On the other hand, if m 0 is large, as in KCuF 3 (∼ 0.54 µ B ), 28 the spin waves are very intense and the multispinon continuum is hard to isolate. 8, 38 So far, BaCu 2 Si 2 O 7 with m 0 = 0.16 µ B is an ideal compound, 16 in which both spin waves and multispinon continuum have been clearly observed by inelastic neutron scattering measurements. 8 However, the experimentally obtained excitation spectrum of BaCu 2 Si 2 O 7 have serious discrepancies with theories on issues such as the dynamic structure factors of the novel longitudinal spin wave mode.
9,14 The m 0 of (pipH)CuBr 3 is close to that of BaCu 2 Si 2 O 7 . Further studying the excitation spectrum of (pipH)CuBr 3 may help to resolve the dimensional crossover problem in magnetism.
IV. SUMMARY
In summary, we report the synthesis, structure, and thermodynamic properties of a new quantum 1D magnetic compound (pipH)CuBr 3 . The crystal shows 1D structure of Cu(II) ions connected by bi-bromide bridge along the c axis. From the magnetic susceptibility and specific heat measurements, we demonstrate that (pipH)CuBr 3 can be well described by weakly-coupled HAFM spin-1/2 chains with intrachain interaction J ∼ 17 K and interchain interaction J ′ = 0.65 K. The proper value of m 0 = 0.20 µ B in the 3D ordered state at zero field makes it another ideal compound to study the dimensional crossover problem in magnetism, except for BaCu 2 Si 2 O 7 . The observation of two successive magnetic transitions in specific heat measurements indicates a complex magnetic phase diagram of (pipH)CuBr 3 , which is roughly constructed.
